A new effective interaction PKA1 with ρ-tensor couplings for the density-dependent relativistic Hartree-Fock (DDRHF) theory is presented. It is obtained by fitting selected empirical ground state and shell structure properties. It provides satisfactory descriptions of nuclear matter and the ground state properties of finite nuclei at the same quantitative level as recent DDRHF and RMF models. Significant improvement on the single-particle spectra is also found due to the inclusion of ρ-tensor couplings. As a result, PKA1 cures a common disease of the existing DDRHF and RMF Lagrangians, namely the artificial shells at 58 and 92, and recovers the realistic sub-shell closure at 64. Moreover, the proper spin-orbit splittings and well-conserved pseudo-spin symmetry are obtained with the new effective interaction PKA1. Due to the extra binding introduced by the ρ-tensor correlations, the balance between the nuclear attractions and the repulsions is changed and this constitutes the physical reason for the improvement of the nuclear shell structure.
I. INTRODUCTION
Within the relativistic scheme, mean field theory has achieved great success in the description of finite nuclei and nuclear matter during the past years. One of the most outstanding models is the relativistic Hartree approach with the no-sea approximation, namely the relativistic mean field (RMF) theory [1, 2, 3] . The RMF theory provides appropriate quantitative descriptions for both stable and exotic nuclei with a limited number of free parameters, i.e., meson masses and meson-nucleon coupling constants [4, 5, 6, 7, 8, 9, 10, 11, 12] . Especially, the RMF model provides a natural mechanism for explaining the spin-orbit splittings in nuclear spectra with the covariant formulation of the strong scalar and vector fields. This feature becomes even more of central importance with the experimental * Electronic address: whlong@pku.org.cn observation that nuclei near drip lines undergo a modification of their shell structure, where the spin-orbit potential must play an essential role.
In the framework of the RMF approach, however, there exist two serious defects. One is the missing of one-pion exchange process. Namely, with the relativistic Hartree approach, the one-pion exchange has zero contribution in mediating nuclear interactions. Because of its small rest mass, one cannot simulate the one-pion exchange contributions with zero-range limit. It is expected that the one-pion exchange may have minor effects in the spin-saturated system, whereas in the unsaturated systems it plays an essential role in determining the isospin dependence of the shell evolutions [13] . Another problem is the tensor correlations, e.g., the ρ-tensor couplings. In the Hartree approximation, the contributions from the tensor couplings are practically negligible. In recent non-relativistic [14, 15] and relativistic studies [13] , it is shown that the tensor forces have distinct effects on the shell evolution of nuclei [16] . In fact these two defects are mainly due to the absence of Fock terms which are dropped in RMF.
During the past decades, there have been several attempts to include the Fock terms in the relativistic description of nuclear systems [17, 18, 19, 20] . These relativistic Hartree-Fock (RHF) approaches could not provide satisfactory quantitative descriptions for the nuclear structure properties compared to the RMF approach. This is mainly due to the numerical complexity induced by the inclusion of Fock terms, which strongly increase the difficulties to find appropriate effective Lagrangians for the RHF approach. Recently a new RHF method, the density-dependent relativistic Hartree-Fock (DDRHF) theory [21] has brought a new insight to this problem. With the effective Lagrangians of Refs. [21, 22] , the DDRHF theory can describe the ground state properties of many nuclear systems quantitatively on the same level as RMF. In addition, the investigations about the nuclear shell structure evolution within the DDRHF theory indicate that the one-pion exchange has a significant effect on the isospin dependence of the shell evolution [13] .
However, some artificial shell structures, e.g., Z = 58 and Z = 92 appear in the calculations of RMF [23] as well as RHF. These spurious shells lead to the overbinding problem in these regions [24] and they also affect strongly the isospin dependence of the shell evolutions [13] . The relative positions of 1g 7/2 and 2d 5/2 states induce an artificial shell closure at Z = 58. The corresponding states for Z = 92 are 1h 9/2 and 2f 7/2 . As a common feature, all these states are high-j states. Then, the single-particle energies of these states will be strongly affected by the tensor force [13] , e.g., ρ-tensor couplings, which was not included in RMF or DDRHF before. In order to solve this artificial shell structure problem, we consider the ρ-tensor correlations in this work. In Section II, we introduce the ρ-tensor couplings in the DDRHF theory, where a new effective interaction PKA1 with the ρ-tensor coupling is presented. In Section III, the detailed investigation of the nuclear structure is performed with the newly obtained effective interaction PKA1. The conclusions are drawn in Section IV.
II. DDRHF THEORY WITH ρ-TENSOR COUPLING
The starting point of the DDRHF theory is the Lagrangian associated with nucleon (ψ), isoscalar σ-and ω-mesons, isovector ρ-and π-mesons, and photon (A) fields [21, 22] . In the isoscalar channels, the σ-scalar and ω-vector couplings provide the main part of the nuclear interactions, i.e., the short-range repulsive and mid-, long-range attractive interactions, respectively. One of the distinct differences of RHF from RMF is that all the mesons, including the isoscalar ones, have significant contributions to the isospin part of nuclear interactions. In Refs. [13, 21, 22, 25] , the ρ-vector and π-pseudo-vector couplings were introduced in the calculations of DDRHF. The recent investigation about the role of one-pion exchange in DDRHF shows that the tensor type force has the strong effects on the nuclear structure [13] . In this study, we introduce the ρ-tensor correlations into the DDRHF theory in order to have a better understanding of the shell structure and cure the artificial shell structure problems of DDRHF and RMF [23] .
A. General Formalism for ρ-Nucleon Couplings
In the DDRHF theory, the part of the Lagrangian containing the ρ-meson fields can be written as
where R µν = ∂ µ ρ ν − ∂ ν ρ µ , and m ρ denotes the rest mass of the isovector-vector ρ-meson ( ρ ν ), and g ρ and f ρ are the vector and tensor coupling strengths, respectively.
From the Lagrangian (1), one can obtain the equation of motion for the ρ-meson field as,
which leads to the general form of ρ-meson field,
where D ρ is the ρ-meson propagator.
With the Legendre transformation (φ i is the field variables of the Lagrangian L ),
the Hamiltonian of the ρ-meson field can be obtained as,
In the above expression, we neglect the time component of the four-momentum carried by the mesons, which amounts to ignoring the retardation effects.
With the quantization of the nucleon field ψ [18] and the general form of the ρ-meson field (3), the Hamiltonian H ρ can be written as,
where the Yukawa factor v(m ρ ; 1, 2) is v(m ρ ; 1, 2) = 1 4π
The inclusion of ρ-tensor correlations leads to three types of interactions in Eq. (6): the Vector (V), Tensor (T) and Vector-Tensor (VT) couplings. The corresponding vertex matrix Γ i ρ (1, 2) in Eq. (6) can be expressed as,
Detailed expressions about the energy functional of ρ-meson field can be found in Refs. [18, 21] .
In DDRHF, the meson-nucleon coupling constants are treated as a function of baryonic density ρ b .
Here we take the same functional form for the density-dependence of the isoscalar mesons (g σ and g ω ) as in Ref. [21] :
where
with ξ = ρ b /ρ 0 , and ρ 0 denotes the saturation density of nuclear matter. For the isovector mesons as well as the newly introduced ρ-tensor coupling f ρ , the exponential density-dependence is adopted as,
In the above expression, g i (0) corresponds to the free coupling constants g ρ , f ρ , and f π , and a i are the corresponding parameters a ρ , a T and a π , respectively.
For the open shell nuclei, the pairing correlations are treated by the BCS method and the pairing matrix elements are calculated with a zero-range, density-dependent interaction [26] 
where V 0 = -900 MeV·fm 3 . The active pairing space is limited to the single-particle states below the single-particle energy +15 MeV.
In this work, the corrections from the center-of-mass motion are treated in the same way as in
Refs. [11, 22] . For the numerical calculations, a box boundary condition at 20fm is introduced for the unbound states as well as the bound ones and we check that the overall results are not affected by the choice of the box size. For the radial step, one may choose smaller one about 0.05 fm in the light nuclei whereas 0.1 fm is precise enough for the heavy nuclei.
B. New Effective Interaction
In the previous DDRHF parametrizations (PKO1, PKO2 and PKO3) [ Ni is replaced by its neighboring one 58 Ni. The parameter fitting procedure is similar to that in Refs. [11, 22] . Besides the bulk properties (ρ 0 , K and J) of nuclear matter and the binding energies of the reference nuclei, we include the spin-orbit splittings of neutron and proton 1p states of 16 O, and the shell gaps at Z = 58 ( 140 58 Ce 82 ) and Z = 64 ( 146 64 Gd 82 ) as the new criteria. By minimizing the χ 2 error as in Ref. [22] , we obtain the new effective interaction PKA1 with the ρ-tensor coupling for the DDRHF theory (see Table I ).
In this parametrization, we have 12 free parameters, 6 in the isoscalar channels as well as 6 in the isovector channels. We slightly change the coupling strength for π-meson (f π and a π ) in PKA1 from the effective interaction PKO1 [21] , which is the starting Lagrangian in the fitting process. In Fig. 1 , the density-dependent couplings g σ , g ω (left panels) and g ρ , f ρ , and f π (right panels)
of the effective interaction PKA1 are shown as functions of the baryonic density ρ b , in comparison with PKO1 (DDRHF) [21] and DD-ME2 (RMF) [27] . As seen from Fig. 1 , the density-dependence of isoscalar couplings, especially for g σ , is weak for PKA1 compared to PKO1 and DD-ME2. For the isovector channels, g ρ , f ρ and f π show strong density-dependence in PKA1 whereas the densitydependence of g ρ of PKO1 is weak. For the one-pion exchange, PKA1 and PKO1 have nearly the same coupling strength for f π . PKA1 and PKO1 have smaller coupling strength in magnitude for both the isoscalar and isovector channels compared to DD-ME2. This is mainly due to the effects of the Fock terms. One can also find that the inclusion of ρ-tensor coupling leads to smaller g σ and larger g ω in PKA1 than those in PKO1. This indicates that the ρ-tensor correlations contribute to make the nuclear interactions attractive. We calculate the bulk properties of nuclear matter with the effective interaction PKA1 as shown in Table II , where the results calculated by DDRHF with PKO1 and RMF with DD-ME2 are also listed for comparison. Compared to PKO1 and DD-ME2, PKA1 gives a larger saturation density ρ 0 , which is close to the common value in non-relativistic HF calculations. Although PKA1 gives a smaller compression modulus K and a larger symmetry energy J, the values are still acceptable. Among these three effective interactions, PKO1 has the largest effective masses (the relativistic one M * R and the non-relativistic one M * NR ) [21] whereas DD-ME2 gives smallest ones.
Comparing the values of M * NR and M * S , one can find a significant difference between DDRHF and RMF, the DDRHF models giving a larger difference between these two masses. Actually this difference is of special importance in describing nuclear structure since the effective mass M * NR is related to the level density whereas the scalar mass M * S is related to the spin-orbit splitting. In the following, one may find the corresponding effects due to this difference. [21] , and the scalar mass M * S for the symmetric nuclear matter. The results are calculated with PKA1 and PKO1 in DDRHF, and with DD-ME2 in RMF. As we have mentioned before, 14 reference nuclei are adopted in the parametrization of PKA1.
The binding energies and charge radii of these nuclei calculated with PKA1 are shown in Table III in comparison with the calculations of PKO1 [21] , DD-ME2 [27] , and the experimental data [28, 29, 30] .
Other reference nuclei than the present 14 ones used in the parametrizations PKO1 and DD-ME2 are listed in the lower panel of Table III . In this table, the root mean square deviations (rmsd) ∆ and relative rmsd δ are defined as
From the values of ∆ and δ in Table III , we can see that PKA1 provides an appropriate description for both binding energies and charge radii of these reference nuclei. For the binding energies, PKA1
gives the best agreement with the data. For the charge radii, PKA1 gives quantitatively comparable description to PKO1 and DD-ME2. Since the reference nuclei cover from light ( 16 O) to heavy ( 214 Pb, 210 Po) ones, one may expect that DDRHF with the tensor interaction PKA1 can provide a proper description of the nuclei in the whole nuclear chart.
The charge densities calculated with PKA1 and PKO1 for the nuclei 16 O, 40 Ca, 48 Ca, 90 Zr and 208 Pb are presented in Fig. 2 . The experimental data [29] are also shown for comparison. One can see that DDRHF with PKA1 provides a fairly good agreement with the data in heavy systems, e.g., 208 Pb and 90 Zr. For 40 Ca and 48 Ca PKA1 also shows comparable quality to PKO1 whereas it presents less good agreement for 16 O. In Table III , one can also find better agreement in the heavy nuclei than in the light ones for the charge radii calculated with PKA1. 
III. NUCLEAR STRUCTURE PROPERTIES WITH TENSOR CORRELATIONS
A. Single-particle Spectra
In Section II, we showed that the effective interaction PKA1 can describe quantitatively well the bulk properties of nuclear matter and the ground state properties of finite nuclei. In this section, we study the shell structure of the Hartree-Fock single-particle energies for several reference nuclei by using PKA1. For comparison, we also show the results of the reference nuclei calculated with three other interactions: PKO1 (DDRHF without ρ-tensor couplings), PK1 [11] (RMF with non-linear self-couplings of mesons), DD-ME2 (RMF with density-dependent meson-nucleon couplings).
In Fig. 3 and Fig. 4 Besides 140 Ce and 146 Gd, we also calculated another N = 82 isotone, the doubly magic nucleus 132 Sn. In distinct improvement on this problem. Namely, the spurious shell gaps do not appear any more and fairly good agreement with the data is obtained with PKA1. It is well known that the two-nucleon separation energy is an important criteria to identify the nuclear shell structure. In Fig. 6 , the two-proton separation energy S 2p calculated with PKA1, PKO1 and DD-ME2 are shown as a function of proton number Z for the N = 82 isotones, and the experimental data [28] are also shown for comparison. A sudden change of the slope is found in the results of PKO1 and DD-ME2 at Z = 58. This is a clear sign of the existence of spurious shell structure at Z = 58 in the calculations of the existing DDRHF and RMF Lagrangians. In contrast, the two-proton separation energy calculated by PKA1 decreases smoothly as a function of Z and agrees well with the experimental data. Fig. 6 shows that the spurious shell structure Z = 58 is successfully eliminated by the new DDRHF effective interaction PKA1. Besides N (or Z) = 58, the nucleon number 92 is another spurious shell structure in the calculations of RMF [23] . In Fig. 7 , it is clearly shown in both neutron and proton single-particle spectra that N (or Z) = 92 becomes a spurious shell structure in the results of PKO1, PK1, and DD-ME2. With the inclusion of the ρ-tensor correlations, the artificial shell closures at N = 92 and Z = 92 disappear in both neutron and proton spectra in the results of PKA1. In addition, PKA1 also shows another improvement in the order of single-particle levels, e.g., for the neutron states 2g 9/2 and 1i 11/2 in 208 Pb.
Namely, DDRHF with PKA1 provides the same ordering with the data while the other three cases fail to predict the correct ordering. 
B. Spin-orbit Splittings and ρ-Tensor Correlations
From the discussions on the single-particle spectra of several reference nuclei, one can find significant improvements with the inclusion of ρ-tensor correlations in DDRHF calculations. The spin-orbit splitting is also very essential to test the validity of the model. In Table IV , we give the spin-orbit splittings in several magic nuclei obtained by using PKA1, PKO1, and DD-ME2. The experimental data are also tabulated for comparison. As seen from this table, PKA1 provides comparable quantitative results of the spin-orbit splittings to PKO1 and DD-ME2. Among the results calculated with PKA1, there are some systematic over estimations of the spin-orbit splittings of some states, e.g., ν1f
in 48 Ca and 56 Ni, ν1g in 90 Zr, π1g in 132 Sn, and ν1i, π1h in 208 Pb, which account for the corresponding shell closures. For these spin partner states, one of the partners is not occupied and one may expect sizable corrections from particle-vibration coupling. In the present calculations, the particle-vibration coupling is not included yet, and its effects generally tend to shift the occupied and unoccupied states to the Fermi surface. Therefore, the systematic over estimation of the spin-orbit splittings may leave some space for this effect. From the Dirac equation, one can express the single-particle energy for a state a as
where E k,a denotes the kinetic contribution, and E i,a (i = σ, ω, ρ, π, A) represent the contributions from the mesons and photon coupling channels including the direct and exchange parts, and E R,a accounts for the rearrangement terms. From Eq. (14), one can also obtain the contributions to the spin-orbit splittings from different channels. In order to understand the improvement on the shell structure brought by the ρ-tensor couplings,
we compare the contributions of the ρ-and π-mesons to the spin-orbit splittings between two DDRHF effective interactions PKA1 and PKO1. In Fig. 8 and Fig. 9 , are shown the contributions to the spin-orbit splittings from ρ-and π-mesons, respectively for the 146 Gd and 208 Pb neutron orbits. Because of the tensor effects in π-PV couplings, some systematic enhancements are also observed in high-j states like 1g and 1h states in 146 Gd, and 1h and 1i in 208 Pb. As was noticed in the comparison between PKA1 and PKO1, the ρ-tensor couplings have significant effects on the spin-orbit splittings, especially for high-j orbits, and affect much the shell structures. This is the main reason why the improvement of the shell structure is obtained with the ρ-tensor correlations.
C. Spurious Shell closures and Pseudo-spin symmetry
As we mentioned before, the spurious shell closures at 58 and 92 are related with the pairs of high-j states 2d 5/2 , 1g 7/2 and 2f 7/2 , 1h 9/2 , respectively. These pairs are the pseudo-spin partners, 1f
and 1g states, respectively. The spurious shell closure problem is then related to the conservation of pseudo-spin symmetry (PSS) [25, 32, 33, 34, 35, 36, 37] , i.e., the existing artificial shell structures in RMF break largely PSS. As seen from the results of PKA1 (see Fig. 4 and Fig. 7 ), PSS is successfully recovered for the 1f states in 146 Gd and 1g states in 208 Pb. In order to understand the improvement due to the ρ-tensor correlations, we studied the contributions from different terms in Eq. (14) to the pseudo-spin orbital splittings. In Table V and Table VI are shown the results calculated by DDRHF with PKA1 (upper panels) and PKO1 (lower panels) respectively for 146 Gd and 208 Pb neutron orbits.
One can find in these results that PKA1 conserves pseudo-spin symmetry better than PKO1 for the states near the Fermi levels, e.g., ν1f and ν2p states in 146 Gd, ν1g and ν2d states in 208 Pb.
For the pseudo-spin orbital splittings, PKA1 and PKO1 provide similar contributions in magnitude to the kinetic part (∆E k ), the rearrangement term (∆E R ), and the π-coupling (∆E π ) except for a few cases. For the contributions from σ-, ω-mesons (∆E σ+ω ) and ρ-meson (∆E ρ ) couplings, there exist a distinct difference between PKA1 and PKO1, especially for the states near the Fermi surfaces. From these two tables one can see that the ρ-meson couplings in PKA1 give larger contributions to the pseudo-spin orbital splittings than those in PKO1 and the ρ-tensor couplings increase the splittings.
For the states near the Fermi surface, PKA1 provides negative values of ∆E σ+ω , which cancel largely with ∆E k and ∆E ρ . In the PKO1 results, the ∆E σ+ω is always positive and only the rearrangement term ∆E R partially cancels the contributions from the other channels.
To understand the differences between the results of PKA1 and PKO1, we study the contributions from different terms to the average binding energyĒ of the spin partner states j 1 and j 2 , i.e.,Ē =
[
In the left panel of Fig. 10 , the average binding energies E and the sum of the kinetic part (Ē k ), the σ-and ω-couplings (Ē σ andĒ ω ) are shown as a function of angular momentum l for the neutron orbits of 208 Pb. The right panel shows the rearrangement term (Ē R ), and the sum of the ρ-and π-coupling terms (Ē ρ andĒ π ). The results are calculated with PKA1 (filled symbols) and PKO1 (open symbols). In the left panel, it is found that PKA1 provides stronger l-dependence than PKO1 for the average binding energyĒ. In the results of PKO1, the main contribution toĒ is given by the sumĒ k +Ē σ +Ē ω , whereas in the results of PKA1,Ē R and E ρ +Ē π also provide significant contributions toĒ. This is due to the fact thatĒ R andĒ ρ +Ē π cancel each other in the results of PKO1 as shown in the right panel. On the other hand, PKA1 gives weaker rearrangement termĒ R , and much stronger ρ-couplings than PKO1. Thus, the inclusion of ρ-tensor couplings give significant contributions to the nuclear attraction, which strongly affects on the coupling strength in other channels, e.g., PKA1 has a stronger ω-coupling than PKO1 as shown in Fig. 1 . In Fig. 11 are shown the values ofĒ σ andĒ ω calculated with PKA1 (filled symbols) and PKO1
(open symbols) as a function of angular momentum l. One can see that PKA1 leads to a stronger l-dependence ofĒ ω than PKO1, and to a similar (slightly stronger) l-dependence ofĒ σ for the states near the Fermi surface. It should be noticed that the pseudo-spin partner states have different angular momenta l. The stronger l-dependence ofĒ ω given by PKA1 leads to larger negative contributions to the pseudo-spin orbital splittings as shown in the last column of Table V and Table VI . These results finally induce negative values for ∆E σ+ω so that PSS can be well conserved in the results of PKA1. As a relativistic symmetry, the conservation of the PSS is mainly determined by the balance of the nuclear attractions and repulsions [38] , which is also well demonstrated by Table V and Table   VI . Compared to the PKO1 results, this balance is much changed by PKA1 due to the extra binding induced by the ρ-tensor couplings, which indicates the physical reason for the improvement of the nuclear shell structure. 
IV. CONCLUSIONS
In this work, we have introduced the ρ-tensor correlations in the density-dependent relativistic
Hartree-Fock (DDRHF) theory. By fitting the empirical properties of ground state and the shell structure, we propose a new DDRHF effective interaction with ρ-tensor couplings, PKA1. With the newly obtained effective interaction PKA1, DDRHF provides satisfactory descriptions of the bulk properties of nuclear matter and the ground state properties of finite nuclei, at the same quantitative level as the established DDRHF and RMF models.
Moreover, the inclusion of ρ-tensor correlations brings a significant improvement on the descriptions of nuclear shell structures compared to the existing DDRHF and RMF Lagrangians. Particularly, we have studied the single-particle spectra of nuclei 140 Ce, 146 Gd, 132 Sn and 208 Pb with PKA1 and compared to previous DDRHF and RMF approaches. It has been found that the previous DDRHF and RMF calculations give the spurious shell closures 58 and 92, whereas the realistic sub-shell closure 64 cannot be well reproduced. The effective interaction PKA1 cures these common diseases, eliminating the spurious shell structure and recovering the sub-shell closure 64. In addition, the inclusion of tensor correlations improves the descriptions of the ordering of the single-particle levels, e.g., the neutron states 2g 9/2 and 1i 11/2 in 208 Pb, which are important states for nuclear structure problems.
The spin-orbit splittings and the pseudo-spin orbital splittings of the magic nuclei are also studied by using PKA1, and the PKO1 version which has no ρ-tensor coupling. It is shown that the ρ-tensor correlations have substantial effects on enlarging both splittings, especially for the high-j states. Even though, PKA1 still provides an appropriate quantitative agreement with the experimental data on the spin-orbit splittings for the magic nuclei at the same level as the modern DDRHF and RMF Lagrangians. It is shown that the artificial shell structure problem is intimately related to the con-servation of the pseudo-spin symmetry, which is determined by the balance of the nuclear attractions from σ-meson and ρ-tensor couplings and the repulsion from ω-meson coupling. It is found that a better conserved pseudo-spin symmetry is obtained with PKA1, in which the ρ-tensor correlations contribute significantly to the nuclear attraction. Due to the extra binding introduced by the ρ-tensor correlations, the balance of attraction and repulsion is changed by the parametrization PKA1, and this constitutes the physical reason for the improvement of the nuclear shell structure.
